A nondimensional model of m i c r o s t r u c t u r a l l y s h o r t c r a c k growth i n creep i s developed based on a d e t a i l e d o b s e r v a t i o n of the creep f r a c t u r e process o f 304 s t a i n l e s s s t e e l . I n o r d e r t o deal w i t h t h e s c a t t e r o f small c r a c k growth r a t e d a t a caused by m i c r o s t r u c t u r a l inhomogeneity, a random v a r i a b l e t e c h n i q u e i s used i n the model.
p l e cracks g e n e r a l l y i n i t i a t e on t h e s u r f a c e o f a smooth specimen from t h e e a r l y stage o f creep l i f e t o t h e f i n a l stage. p l e c r a c k i n i t i a t i o n s , t h e a c t u a l c r a c k l e n g t h d i s t r i b u t i o n observed on t h e s u r f a c e o f a specimen i s p r e d i c t e d b y t h e combination o f p r o b a b i l i t i e s f o r a s i n g l e c r a c k . The p r e d i c t i o n shows a f a i r l y good agreement w i t h t h e experiment a l r e s u l t f o r creep o f 304 s t a i n l e s s s t e e l a t 923 K. The p r o b a b i l i t y o f creep l i f e i s o b t a i n e d from an assumption t h a t creep f r a c t u r e takes p l a c e when t h e l o n g e s t c r a c k reaches a c r i t i c a l l e n g t h . The observed and p r e d i c t e d s c a t t e r o f t h e l i f e i s f a i r l y small for t h e specimens t e s t e d . 
However, m u l t i -

Taking i n t o account t h e m u l t i -
I n d e s i g n i n g mechanical components f o r h i g h temperature a p p l i c a t i o n s , t h e engineer must c o n s i d e r t h e f a i l u r e mechanism a t such temperature. t i o n o f creep damage o f t e n causes f a i l u r e a t h i g h temperature. The creep damage u s u a l l y c o n s i s t s of m u l t i p l e cracks or c a v i t i e s . For creep l i f e p r e d i ct i o n , i t i s necessary t o e v a l u a t e the damage accumulation based on t h e synthes i s o f c r a c k growth a n d l o r c a v i t y growth.
Creep f r a c t u r e mechanisms w e r e e x p e r i m e n t a l l y i n v e s t i g a t e d i n d e t a i l u s i n g 304 s t a i n l e s s s t e e l smooth' specimen i n p r e v i o u s works ( r e f s . 1 t o 4). Observat i o n s r e v e a l e d t h a t : ( 1 ) cracks c o n t i n u o u s l y i n i t i a t e d a t t h e s u r f a c e from t h e e a r l y stage o f l i f e t o $he f i n a l stage; ( 2 ) t h e cracks appear t o grow randomly Accumula-* N a t i o n a l Research Council -NASA Research Associate, on leave from Department o f Engineering Science, Kyoto U n i v e r s i t y , Kyoto, Japan.
randomly owing t o t h e e f f e c t o f l o c a l m i c r o s t r u c t u r a l inhomogeneities; and ( 3 )
c r a c k coalescence and n e c k i n g of t h e specimen ( r e d u c t i o n of area) a c c e l e r a t e d d r a s t i c a l l y t h e growth i n t h e f i n a l stage of l i f e . E v e n t u a l l y , t h e creep l i f e i s governed by t h e c r a c k i n i t i a t i o n and growth.
The e x i s t i n g f r a c t u r e mechanics law f o r l o n g c r e e p c r a c k growth ( r e f s . 5 t o 1 1 ) i s n o t d i r e c t l y a p p l i c a b l e t o t h e random growth of m i c r o s t r u c t u r a l l y s h o r t cracks i n creep. growth ( r e f . 12) because of t h e d i f f i c u l t i e s i n i n t e r p r e t i n g t h e randomness. The a u t h o r s p r e v i o u s l y proposed a model o f t h e m i c r o s t r u c t u r a l l y s h o r t creep c r a c k growth ( r e f . 12). I n t h e model, a random v a r i a b l e technique was used t o deal w i t h t h e d i s t r i b u t i o n of c r a c k growth d a t a . Few s t u d i e s have been r e p o r t e d on t h e s h o r t creep c r a c k I n t h i s paper, the model i s r e c a s t i n t o a nondimensional form f o r p r e d i ct i o n o f t h e creep c r a c k growth. This g r e a t l y reduces t h e numerical c a l c u l at i o n s r e q u i r e d . Taking i n t o account t h e continuous i n i t i a t i o n of cracks and t h e f a i l u r e c r a c k l e n g t h t h e c u m u l a t i v e p r o b a b i l i t y of creep l i f e i s p r e d i c t e d by a Monte C a r l o s i m u l a t i o n method on t h e b a s i s of t h e nondimensional model. c o e f f i c i e n t o f t h e r e l a t i d n between c r a c k g r o w t h r a t e and c r a c k l e n g t h i n the l o n g c r a c k growth law C C c o e f f i c i e n t o f t h e r e l a t i o n between c r a c k g r o w t h r a t e and creep J -i n t e g r a l i n t h e l o n g c r a c k law D gYain boundary l e n g t h between two a d j a c e n t t r i p l e p o i n t s ( d a / d t ) U c r a c k growth r a t e a t a medium p o i n t between a d j a c e n t t r i p l e p o i n t s . ( f i g . l ( b > > F('f,Z> c u m u l a t i v e probabi 1 -i t y of f(f,a) (probabi 1 i t y t h a t a c r a c k reaches l e n g t h a b e f o r e t ) f(f,a) p r o b a b i l i t y d e n s i t y f u n c t i o n of a t i m e f a t t h e i n s t a n t a c r a c k reaches l e n g t h a 
o r t e r t h a n 2 a t f ) p r o b a b i l i t y d e n s i t y f u n c t i o n o f a c r a c k l e n g t h a a t t i m e f nondimensional l e n g t h between c r a c k t i p and g r a i n boundary t r i p l e p o i n t ( f i g . 2) creep J -i n t e g r a l number o f cracks p e r u n i t s u r f a c e area ( c r a c k d e n s i t y ) t i m e r a t e o f change o f K ( t > c o n s t a n t s i n t h e r e l a t i o n between c r a c k growth r a t e and c r a c k l e n g t h for a small c r a c k ( f i g . 2) c o n s t a n t s i n t h e r e l a t i o n between c r a c k growth r a t e and c r a c k l e n g t h f o r a small c r a c k ( f i g .
)
boundary -c r a c k shape c o r r e c t i o n f a c t o r -number of cracks a t f = tr ( = K ( f r > S > c o n s t a n t s i n t h e r e l a t i o n between c r a c k growth r a t e and c r a c k l e n g t h for a small c r a c k ( f i g . 2) c o n s t a n t s i n t h e r e l a t i o n between c r a c k growth r a t e and c r a c k l e n g t h f o r a small c r a c k ( f i g . ( 1 ) Cracks i n i t i a t e a t g r a i n boundary t r i p l e p o i n t s or c a r b i d e p r e c i p it a t e s and grow a t h i g h r a t e s a l o n g g r a i n boundaries b u t d e c e l e r a t e as t h e y approach t r i p l e p o i n t s or sharp bends o f g r a i n boundaries.
( 2 ) The r e l a t i o n between c r a c k growth r a t e and c r a c k l e n g t h i s g r e a t l y dependent on i n d i v i d u a l cracks. F l u c t u a t i o n i n c r a c k growth r a t e i s l a r g e for cracks s m a l l e r t h a n a few m u l t i p l e s of t h e g r a i n s i z e , a c .
l o n g e r and blends i n t o t h e s c a t t e r band for " l o n g -c r a c k " b e h a v i o r .
(3) The degree o f f l u c t u a t i o n d i m i n i s h e s as t h e c r a c k l e n g t h becomes
A s t o c h a s t i c model of m i c r o s t r u c t u r a l l y s h o r t c r a c k growth was proposed based on t h e experimental r e s u l t s i n a p r e v i o u s paper ( r e f . 12). The model i s summarized b r i e f l y as f o l l o w s .
( 1 ) The c r a c k l e n g t h , a, and t h e g r a i n boundary l e n g t h between two a d j ac e n t t r i p l e p o i n t s , D, a r e t h e p r o j e c t e d l e n g t h s on t h e p l a n e p e r p e n d i c u l a r t o t h e a p p l i e d s t r e s s a x i s .
( 2 ) The g r a i n boundary l e n g t h between two a d j a c e n t t r i p l e p o i n t s , D, i s a random v a r i a b l e w i t h a normal d i s t r i b u t i o n .
(3)
The i n t e r g r a n u l a r c r a c k growth r a t e a l t e r n a t e s between an upper and a lower peak depending on t h e l o c a t i o n of c r a c k t i p as shown i n f i g u r e s l ( b ) and 2.
( 4 ) The upper and lower peaks o f t h e c r a c k growth r a t e a r e modeled by r a ndom v a r
i a b l e s o f l o g a r i t h m i c normal d i s t r i b u t i o n s . c e n t c o n f i d e n c e bounds a r e l i s t e d i n t a b l e I . T h i s procedure g i v e s reasonable c r a c k growth d a t a as compared w i t h t h e experimental curves ( r e f . 1 2 ) .
T h e i r medians and 90 p e r -( 5 ) The c r a c k growth r a t e f o r a l o n g c r a c k i s p r o p o r t i o n a l t o t h e c r a c k l e n g t h .
da dt = Ca . - ( 1 ) (6) The c r a c k growth r a t e between g r a i n boundary t r i p l e p o i n t s i s g i v e n by the e q u a t i o n s shown i n f i g u r e 2.
The where Cc i s a m a t e r i a l c o n s t a n t ( r e f . 13). J* f o r a f i n i t e c r a c k i n an i n f i n i t e p l a t e i s e v a l u a t e d b y ( r e f s . 1 and 14)
( 2 )
where MJ i s t h e boundary -c r a c k shape c o r r e c t i o n f a c t o r , og i s t h e a p p l i e d s t r e s s , and B and n a r e t h e c o e f f i c i e n t and t h e exponent o f creep power law ( N o r t o n ' s law), r e s p e c t i v e l y . S u b s t i t u t i n g e q u a t i o n (3) i n t o e q u a t i o n ( 2 1 , we o b t a i n = Ca . ( 
)
The c r a c k l e n g t h , a, t h e time, t, and t h e s t r e s s , U, a r e nondimensional- 
where Dav t r i p l e p o i n t s . On t h e b a s i s o f equations ( 6 ) t o (81, t h e r e l a t i o n between t h e nondimensional c r a c k growth r a t e , d a / d f , and t h e nondimensional creep J -i n t e g r a l , j*, g i v e s i s t h e average o f t h e g r a i n boundary l e n g t h between two a d j a c e n t where C = MJa(n) .
I t should be noted t h a t t h e nondimensional c r a c k growth law i s independent o f t h e a p p l i e d s t r e s s . The random v a r i a b l e s used for t h e upper and lower c r a c k growth r a t e s a r e l i s t e d i n t a b l e I w h i l e t h e n o r m a l i z e d v a r i a b l e s a r e l i s t e d i n t a b l e 11. We a r e a l s o a b l e t o n o r m a l i z e t h e q u a n t i t i e s , D, h, m l , L1, m2, and L2 shown i n f i g u r e 2. Therefore, any o f the r e s u l t s can be d e r i v e d from t h e nondimensional equations.
s t r e s s , b o t h o f t h e p r o b a b i l i t i e s of G(a,f) and F ( f , a ) a t any s t r e s s and a t
any t i m e ( t o be d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n ) can be expressed by t h e nondimensional analyses. R e s u l t s can be converted back i n t o t h e dimensional form through e q u a t i o n s (6) t o (8).
Since t h e r e s u l t s a r e independent o f t h e a p p l i e d
I PROBABILITY OF CRACK GROWTH The c r a c k growth model i s s t o c h a s t i c so t h a t t h e growth curve has a probab i l i s t i c d i s t r i b u t i o n as
shown s c h e m a t i c a l l y i n f i g u r e -3. g ( a , f > i s a probab i l i t y d e n s i t y f u n c t i o n of c r a c k l e n g t h a t a t i m e t a f t e r c r a c k i n i t i a t i o n , and f(f,a> i s a p r o b a b i l i t y d e n s i t y f u n c t i o n of t i m e a t t h e i n s t a n t a c r a c k reaches l e n g t h a. T h e i r c u m u l a t i v e probabi 1 i t i e s a r e r e p r e s e n t e d by G(a,f> and F ( f , a > . G was p a r t i a l l y discussed i (3) C a l c u l a t e t h e a -t r e l a t i o n for a c r a c k .
G(a,f>
--( 4 ) Repeat 1 t o 3 and g e t t h e a -t r e l a t i o n s for many c r a c k s . cracks. behavior of 304 s t a i n l e s s s t e e l a t 923 K ( r e f s . 2, 1 1 , and 12) and a r e l i s t e d i n t a b l e 111.
i n a r y c a l c d a t i o n except a t t h e two extremes where G(a,f> i s n e a r l y equal t o z e r o or one ( r e f . 12). G ( a , f > can be p h y s i c a l l y i n t e r p r e t e d as t h e p r o b a b i li t y t h a t a c r a c k l e n g t h i s s h o r t e r than a a t t i m e f . I 
and 3 ) .
The c o n s t a n t s used i n t h e s i m u l a t i o n a r e those d e r i v e d from t h e creep The convergence of s i m u l a t i o n r e s u l t s was c o n f i r m e d by a p r e l i m --F i g u r e 6 shows F t f , a > which i s o b t a i n e d by the s i m u l a t i o n o f 30 000 cracks i n o r d e r t o c l a r i f y ' t h e d i s t r i b u t i o n near F ( f , a > = 0. F < f , a > i s t h e p r o b a b i l i t y t h a t t h e t i m e when a c r a c k l e n g t h reaches a i s s h o r t e r than f . The d i s t r i b u t i o n shows -t k a t t h e r e i s a d i f f e r e n c e i n t h e s h o r t e r f r e g i o n , w h i l e i n t h e l o n g e r t r e g i o n d i f f e r e n c e s disappear. The d i f f e r e n c e a t t h e s h o r t e r f ' a f f e c t s the p r o b a b i l i t y o f creep l i f e .
-CRACK LENGTH DISTRIBUTION M u l t i p l cracks g e n e r a l l y i n i t i a t e c o n t i n u o u s l y on t h e s u r f a o f a smooth specimen d u r i n g t h e e n t i r e creep t e s t . The a c t u a l d i s t r i b u t i o n o f c r a c k l e n g t h s observed a t a g i v e n t i m e f i s b r o u g h t on n o t o n l y by t h e d i s t r i b ut i o n o f c r a c k growth r a t e s b u t a l s o by t h e d i f f e r e n c e i n t h e c r a c k i n i t i a t i o n t i m e . G(Z,f> o b t a i n e d i n t h e p r e v i o u s s e c t i o n i s t h e c u m u l a t i v e p r o b a b i l i t y o f c r a c k l e n g t h a t f a f t e r t h e i n i t i a t i o n o f a s i n g l e c r a c k (or t h a t f o r mult i p l e cracks i n i t i a t e d a t t h e same t i m e ) . Therefore, i t i s necessary for t h e p r e d i c t i o n o f t h e a c t u a l c r a c k l e n g t h d i s t r i b u t i o n t o be coupled w i t h t h e d i st r i b u t i o n f o r c r a c k i n i t i a t i o n .
The c u m u l a t i v e p r o b a b i l i t y f o r an a c t u a l c r a c k d i s t r i b u t i o n , @(a,f), a t a t i m e f i s p r e d i c t e d by t h e f o l l o w i n g e q u a t i o n : where K ( f ) i s t h e number o f cracks per u n i t surface a r e a (i .e., c r a c k densit y ) a t t i m e f , t i i s a nondimensional c r a c k i n i t i a t i o n time, and k ( f ) i s t h e t i m e r a t e o f change o f K ( f ) . @ < a , f > can be i n t e r p r e t e d as t h e p r o b a b i li t y t h a t t h e c r a c k l e n g t h s a r e s h o r t e r than a a t a t i m e a. The numer o f cracks i n i t i a t e d from t i m e f t o f + d f i s g i v e n as (12) 'Experimental o b s e r v a t i o n s have shown t h a t K ( f ) was n e a r l y p r o p o r t i o n a l t o f for c o n d i t i o n s o f creep ( r e f s . 1 and 2 ) . Thus, k ( f ) i s c o n s t a n t and e q u a t i o n (11) can be w r i t t e n i n t h e form The l i n e s shown i n f i g u r e 7 a r e t h e p r e d i c t e d p r o b a b i l i t i e s o f c r a c k l e n g t h f o r a smooth specimen o f 304 s t a i n l e s s s t e e l a t 923 K. F i g u r e s 7(a) and ( b ) a r e t h e p r o b a b i l i t i e s a t t h e medium creep l i f e and near t h e end o f creep l i f e , r e s p e c t i v e l y . The f i g u r e s a l s o i n c l u d e t h e a c t u a l d i s t r i b u t i o n o b t a i n e d from a creep t e s t i n a i r ( r e f . 2 ) . The p r e d i c t i o n s agree w e l l w i t ht h e t e s t r e s u l t s . S i m i l a r successful r e s u l t s a r e o b t a i n e d a t other, t i m e s t
i n a i r as w e l l as t h e experimental r e s u l t s ( r e f . 2) i n vacuum.
CREEP LIFE OF SMOOTH SPECIMEN
Creep t e s t s o f 304 . s t a i n l e s s s t e e l r e v e a l e d t h a t t h e creep f a i l u r e o f smooth specimens took pl'ace soon a f t e r t h e l o n g e s t c r a c k reached a c r i t i c a l c r a c k l e n g t h , af ( r e f .
) . Crack coalescence and t e r t i a r y creep ( r e d u c t i o n of area) b r o u g h t on t h e d r a s t i c a c c e l e r a t i o n o f c r a c k growth and t h e u n s t a b l e f r a c t u r e . For t h e t e s t s conducted i n the p r e v i o u s work ( r e f . ) . t h e v a l u e
of af was about 0.15 mm. This implies that the growth of microstructurally short cracks govern the majority of the creep fracture.
Assuming a critical crack length for rupture, the cumulative probability Here, multiple crack initiations must be taken of creep life, P(fr>, becomes equivalent to the probability that the longest crack reaches the length af.
into consideration. The derivation of P(fr) from F ( f , a > is described as follows. The probability that a crack initiated at time ti does not reach Zf at time f is given by [l -F ( f -fi, Zf>l. Then, n ( 1 -F(f -tj,af) ) is the probability that none of the cracks initiated at j=l t1,f2, ... tm, reach af at f . P(fr), therefore, is given by figure 9 is obtained from the distribution of figure 8 and equation (16) . To simplify the solution of equation (16), an approximate estimation is used as described in the appendix. Figure 9 reveals that as the number of cracks, K(fr>S, increases, the creep life decreases and the scatter becomes smaller. In other words, the specimen surface area available for cracking will affect the creep life. Figure 10 shows the relationship between the nondimensional creep 1 ife and the number of cracks at and 0.9. little in the range of 5000 < k ( f > S < 10 000. In the creep tests carried out previously, K(fr> is about 26 m n r 5 independent of the applied stress (ref. 2) . Hence, the scale of S 'can be given and i s shown on the upper side of figure 10 . The real time scale at several stresses are also drawn at the right side of the same figure. The scatter of creep life is very small in the range of 250 mm2 --< S < 500 mm2. P(fr> = 0.1 , 0.5, The life changes considerably in the range of K(fr)S < 3000, but a S i s equal t o 320 mm2 f o r t h e t e s t e d p l a t e specimen o f 304 s t a i n l e s s s t e e l ( w i d t h , t h i c k n e s s , and gauge l e n g t h a r e 12, 4, and 10 mm, r e s p e c t i v e l y ) so t h a t K ( f r ) S becomes 6400. The band i n f i g u r e 1 1 shows t h e r e l a t i o n s h i p between a p p l i e d s t r e s s and p r e d i c t e d creep l i f e f o r 0.1 K ( f r > S = 6400. Also shown i n f i g u r e 1 1 a r e t h e a c t u a l experimenTa1 r e s u l t s of creep r u p t u r e d a t a ( r e f s . 2 and 15). The p r e d i c t i o n s show good agreement w i t h t h e d a t a . P ( f r > < 0.9 and 3. Taking i n t o account t h e m u l t i p l e c r a c k i n i t i a t i o n s , t h e c u m u l a t i v e p r o b a b i l i t y of c r a c k l e n g t h for t h e m u l t i p l e cracks, 4 ( a , f ) , i s o b t a i n e d from G(a,f>. l e n g t h s observed on a specimen o f 304 s t a i n l e s s s t e e l t e s t e d i n creep a t 923 K. i n g t h a t t h e l o n g e s t c r a c k i s r e s p o n s i b l e for t h e u l t i m a t e f r a c t u r e . P r e d i ct i o n s and experimental r e s u l t s a r e i n good agreement.
. The s t o c h a s t i c model of small c r a c k growth i s g e n e r a l i z e d . I n t h e model, t h e s c a t t e r of c r a c k growth r a t e owing t o m i c r o s t r u c t u a l inhomogeneity
i s r e p r e
APPENDIX A
To simplify the solution of equation (16), an approximation is discussed in this section.
The following relation is given because (1 -F ( f , a ) ) is a nonincreasing function against t . In t h i s study, P(t,-) is calculated by choosing 13 and y as 0.9 -< (1 -Ftf,.a)}Y
.
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